In this paper, the influence of the electric field on the dip-coating process was studied by using lubricants Z-tetraol and TA-30. The electric field assisted the adsorption of both lubricant molecules on the disk surface. This electric field also resulted in an increase in the lubricant film thickness. A positive electric field increased the bonded ratio of the lubricant film. The surface-free energy, step height, and head-disk clearance of the Z-tetraol lubricant film were not affected by the electric field; however, those of the TA-30 lubricant film were improved by the electric field. By molecular dynamics simulation, we confirmed that the molecular mobility of the solution increased by applying the electric field. The lubricant molecules in the solution, which show higher mobility, should have more opportunity to adsorb onto a disk surface. These results show the possibility of reducing the head flying height by the electric-field-assisted dip (EFAD) coating process.
I. INTRODUCTION

I
N recent times, dynamic fly height (DFH) control of the magnetic head has been used for reducing the head-media spacing in a hard disk drive (HDD). As a result, the clearance of the magnetic head from the disk surface has reduced to a few nanometers. The thickness of the lubricant film on the disk surface should be reduced in order to limit the head-disk clearance to a few nanometers. Dip coating of the lubricant film on the disk surface is a familiar process in magnetic disk production [1] . However, no improvements that can enable precise control of the thickness of the lubricant film have been made in this process. In this study, we have developed a novel dip-coating process for coating a perfluoropolyether (PFPE) lubricant film on magnetic disks. This process is assisted by an electric field in order to control the molecular conformation of the lubricant film. There are some studies available on the effect of electric fields on polymers in solution [2] , [3] . Giacomelli et al. reported an increase in the diffusion constant for dilute solutions of a block copolymer at electric fields about one order of magnitude higher than those reported [3] . If an electric field is present around PFPE lubricant molecules with polar end-groups and solvent molecules with unbalance charge, the molecular mobility of the solution may be enhanced due to the interaction between the molecules in solution and the electric field. We studied the influence of the electric field for the dip coating experimentally.
II. EXPERIMENTAL SETUP
A. Sample Disks, Lubricants, and Solvent
The disks used in this study were 2.5-in glass-substrate disks with a nitrogenated diamond-like-carbon (DLC) overcoat (4 nm thick). The average surface roughness (Ra) of the disks measured by atomic force microscopy (AFM) was approximately 0.25 nm. The disks were coated with lubricant films of various thicknesses via a dip-coating process. We prepared two types of lubricants (Z-tetraol from Solvay-Solexis and TA-30 from Asahi Glass, Tokyo, Japan) with different molecular structures and a solvent (Vertrel XF from Dupont, Japan) as shown in Fig. 1 . The molecular weight of Z-tetraol is 2000 and that of TA-30 [4] is 3000. The thickness of the lubricant film was measured by using an ellipsometer.
B. Electric-Field-Assisted Dip Coating
A photographic image of the experimental dipping tool and schematic image of the EFAD coating is shown in Fig. 2 . Cu electrode plates in the lubricant solution were placed parallel to each side of the disk surface. Electrode pins contacted to the edge of each disk. A direct current (dc) voltage was applied between the disk and electrode plates while dipping the disks in the lubricant solution resulting in an electric field between the electrode plates and disk surfaces. The disk stage, contact stage, applied dc voltage, and dip conditions were controlled by a PC. In this experiment, the dipping duration was 180 s, the withdrawal speed was 2 mm/s, and the distance between each electrode plates and the center of disk was 12.5 mm. 
C. Procedure for Studying Surface-Free Energy
In order to study the surface-free energy of lubricant films on the carbon surface, we measured the contact angles of water and n-hexadecane. The behavior of the surface-free energy of the lubricant films indicates the molecular conformation of the lubricant to the disk surface. The surface-free energy is calculated by using the Girifalco-Good-Fowkes-Young equation expressed as follows: (1) where denotes the surface-free energy of the lubricated surface, is the surface-free energy of the liquids, is the dispersive energy, is the polar energy, and is the contact angle. The contact angle was measured over a temperature range of 20 C-24 C and a humidity range of 30%-70%.
D. AFM Observation
During the AFM observation, the process of scanning the lubricant film using a probe is strongly affected by the disturbance in the capillary force from the film surface. Therefore, in order to reduce this disturbance, the probe was coated with fluoride [5] , [6] . This fluoride-coated probe was used to scan the surface of the lubricant film and determine the coverage and step height at the boundary of the lubricant film [6] . AFM observation was carried out two weeks after the coating.
E. Head-Disk Clearance Measurement
Head-disk clearances between the head and disks prepared by normal dip coating and EFAD coating were measured by head touchdown detection using DFH control. The flying height of the magnetic head was calibrated by using a bump height of 5 nm. The head-disk contact was detected by an acoustic emission (AE) signal from an AE sensor attached to a head mounting arm. Details of the head-disk clearance measurements were described in [7] . The DFH coefficient of the test head was 0.0794 nm/mW. The lubricant film thickness measured by ellipsometer was 6-8 . AFM observation and a head-disk clearance measurement were measured over a temperature range 24 C-26 C and a humidity range of 40%-60% in a clean room.
F. Molecular Dynamics (MD) Simulation
The charges on each atom in the lubricant molecules were determined by using the charge equilibration (QEq) method and the Ohno formula [8] . The Dreiding potential function was used for the MD simulation [9] . The bonding potential between atoms is given by (2) , where denotes the distance between two atoms. The angle potential determined by three atoms is given by (3) . Torsion potential is given by (4) , where denotes the torsion angle between four atoms and denotes the barrier height. The out-of-plane potential determined by four atoms is given by (5) . is a function of the out-of-plane angle. and in (2), (3), and (5) denote spring constants
The nonbonding atoms show dispersive interaction described by the Lennard-Jones (LJ) potential [10] given below (6) where denotes the distance between atoms, denotes the potential energy constant, and denotes the radius of atoms. The simulation software Material Explorer developed by Fujitsu, Ltd., Japan, was used for carrying out the simulations.
III. RESULTS AND DISCUSSIONS
A. Lubricant Thickness by EFAD Coating
The lubricant film thicknesses of disks prepared by normal dip coating and EFAD coating were compared as shown in Figs. 3 and 4 . The applied voltages were 15, 0, and 15 V. The film thicknesses of the disks prepared by EFAD coating increased as compared to those of the disks prepared by normal dip coating for both the lubricants. The increase in lubricant thickness was approximately 3 at 15 V. The Z-tetraol lubricant film thickness at 15 V was approximately 1.5 thinner than that at 15 V. However, the film thickness of the TA-30 lubricant film was the same at 15 and 15 V. This difference in the film thickness was attributed to the molecular structure of the lubricants, because TA-30 does not have a Fomblin backbone. It has three branches and three OH functions. The increase in the film thickness by EFAD coating was significant, and the distribution of the lubricant thickness on the disk surface was considerably improved. This was because the lubricant distribution on the disk surface was reduced due to the thinner lubricant concentration. We compared the bonded lubricant thickness and the bonded ratio as shown in Fig. 5 . Measured disks were prepared by the dipping in the lubricant solution with 0.017 wt% concentration. The graphs on the left-hand side and right-hand side show the bonded ratios of Z-tetraol and TA-30. Both lubricants exhibit a dependence on the applied voltage. The highest bonded ratio at 15 and lowest at 15 V is observed for the Z-tetraol lubricant film. Therefore, it can be said that a positive voltage increases the bonded ratio; however, the reasons for this phenomenon have not yet been understood. Fig. 6 shows the surface-free energy of the lubricated disk surfaces prepared by normal dip coating and the EFAD coating. The figures on the left-hand side and right-hand side show the surface-free energies of the Z-tetraol lubricant film surface and TA-30 lubricant film surface, respectively, at 15, 0, and 15 V. A minor difference in the surface-free energy is observed between the Z-tetraol lubricant films coated by normal dip coating and EFAD coating. However, the surface energy of the TA-30 lubricant was reduced by EFAD coating. This improvement is estimated to be attributed to the appearance of OH Step heights of lubricant films by normal and EFAD coating.
B. Surface-Free Energy Measurements
functions of the TA-30 molecules on the lubricant film surface during normal dip coating [11] and their alignment along the disk surface due to the presence of the electric field. However, more studies are needed to understand this phenomenon.
C. Step Height Measurements
The step heights of the lubricant films measured by AFM using the fluoride-coated probe are shown in Fig. 7 . The bars indicate the average values of nine measurements, and the solid lines indicate the maximum and minimum values. The Z-tetraol lubricant film showed only a small reduction in step height whereas TA-30 exhibited a significant improvement. The thickness of the TA-30 lubricant film was improved by 0.25 nm at 15 V. In our previous study [9] , it was pointed out that the TA-30 lubricant film had a double-layered structure with layers having thicknesses of 0.9 and 1.4 nm. We found that the thickness of the second layer of the TA-30 lubricant film was reduced by EFAD coating.
D. Head-Disk Clearance Measurements
Results of the head-disk clearance measurements are shown in Fig. 8 . The bars indicate the average value of six measurements on six disk surfaces, and the solid lines indicate the maximum and minimum values. There was no difference between the head-disk clearances for the Z-tetraol lubricant films fabricated by normal and EFAD coating. However, there was a significant improvement of 0.35 nm in the case of the TA-30 lubricant films. These results agreed with those of the step height measurement. Therefore, it can be said that the reduction in the thickness of the lubricant film depends on the molecule structure of the lubricant. Fig. 8 shows that the difference between the clearances of Z-tetraol and TA-30 by the EFAD coating was approximately 0.6 nm. This result indicates that there is the probability of the head flying height reduction by about 0.6 nm by the improvement of this clearance.
E. Molecular Conformation in the Electric Field
MD simulation was performed in order to estimate the molecular mobility of the lubricant solution with respect to the electric field. We simulated the mobility of the system including four Z-tetraol molecules and 100 of Vertrel-XF molecules. Fig. 9 shows the spreading of molecules in the solution after 750 ps. Solvent molecules in 10 kV/m were more spread in the solution than the molecules in no electric field. The mean square displacements of all molecules (Z-tetraol and Vertrel-XF) are compared as shown in Fig. 10 . An electric field of 0, 5, and 10 kV/m was applied. Displacement was increased by the applied electric field. The lubricant molecules in the solution, which show higher mobility, should have more opportunity to adsorb onto a disk surface. The increase of the lubricant thickness by the EFAD coating could be explained as the increase of this opportunity. However, we could not explain enough how mechanism explained the experimental observations in this study.
IV. CONCLUSION
We studied the EFAD coating process by using Z-tetraol and TA-30 lubricants. The following were the conclusions of the study. 1) We confirmed that the film thickness and the bonded thickness of both lubricants increased by applying a positive electric field during the dip coating process. However, the TA-30 lubricant film exhibited a different behavior from that of the Z-tetraol lubricant film at a case of applying a negative electric field.
2) The surface-free energy of the TA-30 lubricant film was decreased drastically by the EFAD coating process. The step height of the lubricant film and head-disk clearance were reduced by the EFAD coating process. This result shows the possibility of reducing the head flying height by the EFAD coating process. 3) Results of the MD simulation confirmed that the molecular mobility of the solution was increased by applying the electric field. However, more studies are needed to understand the influences of the electric field.
